Extrusion is one of the major methods for processing polymeric materials and the thermal homogeneity of the process output is a major concern for manufacture of high quality extruded products. Therefore, accurate process thermal monitoring and control are important for product quality control. However, most industrial extruders use single point thermocouples for the temperature monitoring/control although their measurements are highly affected by the barrel metal wall temperature. Currently, no industrially established thermal profile measurement technique is available. Furthermore, it has been shown that the melt temperature changes considerably with the die radial position and hence point/ bulk measurements are not sufficient for monitoring and control of the temperature across the melt flow. The majority of process thermal control methods are based on linear models which are not capable of dealing with process nonlinearities. In this work, the die melt temperature profile of a single screw extruder was monitored by a thermocouple mesh technique. The data obtained was used to develop a novel approach of modelling the extruder die melt temperature profile under dynamic conditions (i.e. for predicting the die melt temperature profile in real-time). These newly proposed models were in good agreement with the measured unseen data. They were then used to explore the effects of process settings, material and screw geometry on the die melt temperature profile. The results showed that the process thermal homogeneity was affected in a complex manner by changing the process settings, screw geometry and material.
Dynamic modelling of die melt temperature profile in polymer extrusion: Effects of process settings, screw geometry and material 
Introduction
Extrusion is a method of processing polymeric materials and is used in the final production of many polymer-based products such as pipes, films, sheets, tubes, rods, etc. Presently, it is one of the most important production methods due to the increasing popularity of polymeric materials (i.e. due to their ability of saving energy over convectional raw materials such as metal, glass, etc). As a result, a significant amount of research and development has been directed to improving the operation of polymer processes. An extruder is a machine which processes material by melting and conveying it along a screw and forcing it through a die. Currently, various types of polymer processing extruders are used in industry: single/multi screw extruders, disk/drum extruders, etc. Of these extruders, single screw continuous extruders are the most commonly used due to their low purchase and maintenance costs, simplicity of operation and the reliability [1, 2] . Moreover, single screw extruders are commercially available in many different sizes [3] . Basic components of a single screw extruder are shown in Fig. 1 . In addition to these components, various other equipment (e.g. gear pumps, screws with mixers units, sensors for process monitoring and control) are also used in modern extrusion lines. More details on the basic process mechanisms, process operation and process-related components of polymer extrusion can be found in the literature [4] [5] [6] .
Process thermal monitoring
Despite significant developments in polymer extrusion over the last few decades, accurate process thermal monitoring and control with different materials and operating conditions still remains an issue. Process operators have to face challenges in achieving the required thermal quality of the melt at high throughput. Achieving good thermal stability is a major requirement of the extrusion process in order to form high quality products. Even small variations in melt temperature can cause poor product quality [7] . Therefore, continuous monitoring of process thermal stability is an essential requirement for advanced process control to achieve a high quality melt output.
As revealed in previous studies [6, [8] [9] [10] [11] [12] [13] [14] , the thermal homogeneity of the melt is considerably affected by the process settings and melt flow temperature is different at different radial locations of the die. Therefore, study of the entire melt temperature profile as a measure of process thermal stability is more appropriate than a single point or a bulk measurement to ensure high quality products. Unfortunately, it is difficult to monitor a die melt temperature profile within a production environment and most extruders are instrumented only with conventional wall mounted thermocouples. These are highly affected by the barrel wall temperature and they are not capable of measuring a melt temperature profile or detecting rapid variations in the melt temperature [5, 15] . As alternatives to the point/bulk measurements, some thermal profile measurement methods (e.g. a thermocouple mesh [13] , a fluorescence technique [16] ) have been proposed, but these are not yet robust enough to use in a production environment due to constraints such as their complexity, limited durability, access requirements, disruptive effects to the melt flow and output, etc. However, some of these techniques have been used to gather valuable process thermal information in a research setting.
Melt temperature modelling
As reported in the literature, only a minor amount of work has been carried out so far on the modelling of an extruder's melt temperature profile under static or dynamic conditions. Instead, the development of static or dynamic models has been reported [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] to predict a single point or bulk melt temperature. Essentially, some of these modelling attempts are based on first principles while others are data driven models based on point or bulk melt temperature measurements taken from thermocouples fixed at the end of the extruder barrel or the die. Accuracy of the first principle models is constrained due to numerous simplifying assumptions and also they are computationally too expensive to implement in real-time which limits their practical applications [28] . While some of the other point/bulk thermal models may be used in practice, these provide no detailed information on the actual process thermal stability. Furthermore, most of these existing thermal models are linear models and hence these may not be sufficient to represent the nonlinear processing behaviour.
Additionally, several computer simulation software packages are presently available to model the polymer extrusion process. Usually, finite element methods are used by most of these simulation packages to obtain solutions of relevant differential equations. Kelly et al. [29] carried out a 2-D computational fluid dynamics (CFD) simulation (i.e. based on the Tadmor melting model [30] ) to predict the die melt temperature profile with relevant boundary conditions by using the Compuplast TM Flow 2000 software. An experimentally measured die melt temperature profile obtained by using a thermocouple mesh and the predicted 2-D CFD profile gave good agreement at lower screw speeds. At higher screw speeds, the software was able to predict the melt temperature at the centre of the die with good accuracy, but the differences between the predicted and measured melt temperatures closer to the die wall increased as the screw speed increased. These differences are thought to be due to the difficulty in determining the correct boundary conditions to apply to the CFD model. Conversely, Vlachopoulos [31] argued that these simulation software packages were poor at representing real processing behaviour due to their inherent shortcomings such as the inability of representing shear thinning behaviour of polymer flows, the difficulty of representing contact between the polymer melt and metal wall, inabilities of predicting phenomena such as sharkskin, die lip build-up, melt fracture and die resonance. Most of these shortcomings remain unchanged with the currently available simulation software packages due to the difficulties/challenges of modelling such processing phenomena accurately.
Previous studies by the author [10, 32] developed a static model to predict the die melt temperature profile in single screw extrusion. Melt temperatures at different radial locations of the die were predicted from readily measurable process variables (i.e. screw speed and barrel set temperatures) and good agreement was achieved between the experimental and model predicted die melt temperature profiles. According to the authors' knowledge, there has not been any other melt temperature profile modelling work reported in the literature. Therefore, further studies on die melt temperature profile may assist in the development of polymer extrusion process monitoring and control.
In this work, a thermocouple mesh technique [13] was used to measure melt temperature profiles across the die melt flow. The data obtained were used to develop nonlinear dynamic models to predict the die melt temperature profile over different process operating conditions, screw geometries and materials. The study reported in this paper was focused on the melt temperature of a single screw extruder as it is the most common type used in the current polymer processing industry. Two polymers and two different screw geometries were used in the experiments.
Equipment & procedure
All measurements were carried out on a 63.5 mm diameter (D) single screw extruder (Davis Standard BC-60). A barrier flighted (BF) screw with a spiral Maddock mixer (a general purpose screw with a 2.5:1 compression ratio) and a single flighted tapered gradual compression (GC) screw (with 3:1 compression ratio) were used to process the materials. More details of the screws are shown in Fig. 2 with the screw channel depths (SCD) of the solids conveying and metering zones.
The extruder was fitted with a 38 mm diameter adaptor (with a heater of 1.4 kW) by using a clamp ring (with a heater of 0.9 kW) prior to a short rod die (with a heater of 0.2 kW) with a 6 mm diameter bore. A schematic showing the of the arrangement of these components is shown in Fig. 3 together with their dimensions. The extruder barrel has four separate temperature zones (each with a heater of 4 kW) equipped with dual-therm temperature controllers. Each of the clamp ring, adapter and die is also equipped with a separate temperature controller allowing their set temperature to be individually controlled. The extruder barrel dimensions and the arrangement of heaters are shown in Fig. 4 .
The melt temperature at different radial locations of the melt flow at the end of the adapter (denoted as die melt temperature throughout this paper) was measured using a thermocouple mesh placed in-between the adapter and the die as shown in Figs. 3. As was previously confirmed by Kelly et al. [12] , the die melt temperature measurements are symmetrical across the thermocouple mesh centreline when averaged over a significantly long period of time. Therefore, seven (i.e. for TCM 1) and six (i.e. for TCM 2) thermocouple wires were placed asymmetrically across the die melt flow to generate junctions along the diameter of the mesh and this asymmetric placement of wires gave the opportunity to increase the number of effective temperature measurements across the melt flow by mirroring them over the centreline to obtain the complete die melt temperature profile. Details of the thermocouple meshes used are shown in Table 1 .
The die wall set temperature was used as the melt temperatures at the ±19 mm radial positions. Then, the final temperature profile was obtained by 15 and 13 radial positions across the melt flow for tests with TCM 1 and TCM 2, respectively. The arrangement of the TCM 1 is illustrated in Fig. 5 .
A data acquisition program developed in LabVIEW was used to communicate between the experimental instruments and a personal computer (PC). Screw speed and all temperature signals were acquired at 10 Hz using a 16-bit DAQ card (National Instruments (NI) PCI-6035E) through a thermocouple connector box (NI TC-2095) and a low-noise signal conditioning box (NI SCXI-1000). Fig. 4 . BC-60 extruder barrel and heater arrangement.
Table 1
Dimensions of the TCM junctions.
TCM
Distance to the each mesh junction (J) from die centre (mm) 
Materials and experimental conditions
Experimental trials were carried out on a virgin high density polyethylene (HDPE), (ExxonMobil HYA 800), (density: 0.961 g/cm 3 , melt flow index (MFI): 0.7 g/10 min @ (190°C, 2.16 kg)) and a regrind polypropylene (PP), (density: 0.850 g/ cm 3 , MFI: 5.71 g/10 min @ (230°C, 2.16 kg)). The extruder barrel temperature settings were fixed as described in Table 2 under three different set conditions for each material and denoted as A, D (high temperature); B, E (medium temperature); and C, F (low temperature). These settings were selected in order to generate realistic processing conditions (i.e. avoiding conveying and melting problems) whilst covering the full operating range of the extruder (i.e. 0-100 rpm). This therefore allowed investigation of melting performance at low throughputs where melting is dominated by conduction from the barrel and screw, and intermediate and high throughputs where melting is primarily achieved by viscous shearing. In this experimental programme, tests 1 and 2 were carried out using the same BF screw (i.e. by using TCM 1), but with different barrel set temperatures and materials. These tests were performed to allow comparison of the effects of different materials and process settings on the process melting conditions. It was not possible to perform these tests at the same set temperature due to the differing melting behaviours of HDPE and PP materials. Moreover, a separate test (test 3) was carried out using the same HDPE material and process settings as test 1 (i.e. with TCM 2), but with a different screw geometry. This allowed exploration of the effects of different screw geometries on process melting behaviour.
Each experiment was started with the temperature setting A or D (i.e. condition A for tests 1 and 3, condition D for test 2) and the data was recorded with the screw stationary for 1 minute. Then, the screw speed was increased from 0 to 90 rpm with steps of between ±5 and 40 rpm and in different barrel set temperatures with the extruder running for 193 minutes in tests 1 and 2, and 151 minute in test 3 continuously. The extruder was allowed to stabilise for 15 minute after each set temperature change while it was held for about 7 minute at each other different condition. These time periods were chosen by considering the time requirement for the process to become steady after applying the screw speed and barrel set temperature step changes. The magnitudes of the applied process changes were also determined by ensuring that the process can run under normal conditions after applying these changes. Additionally, the rate of material consumption of the extruder at each speed was also considered in deciding the experimental time periods to minimise the waste of material. The process setting matrices for tests 1 and 3 are shown in Figs. 6 and 7, respectively. 1- HDPE-BF  1  A  110  130  180  230  230  230  230  B  105  125  175  215  215  215  215  C  100  120  170  200  200  200  200 2-PP-BF (Regrind PP)  1  D  150  190  215  240  240  240  240  E  145  180  200  220  220  220  220  F  140  170  185  200  200  200  200   3-HDPE-GC  2  A  110  130  180  230  230  230  230  B  105  125  175  215  215  215  215  C  100  120  170  200  200  200  200 Time ( Separate tests were carried out for model training and validation (i.e. two experimental trials under each test).
Effects of process settings on die melt temperature profile
As mentioned above, melt temperature profiles of the extruder output melt flow at the end of the 38 mm diameter adapter were observed and profiles over some processing conditions (i.e. average melt temperature at each mesh junction of the last 2 min at each screw speed) of tests 1 and 2 are shown in Fig. 8 . The data collected over the last two minutes of the dif- ferent experimental conditions were used to create these plots as the process signals included transients during the first few minutes, followed by the applied step changes to the process variables. Melt temperature profiles only at 10, 30, 50, 70 and 90 rpm screw speeds are shown in Fig. 8 . The figure legends are in the format of: test number-material-screw-set temperature condition. These temperature profiles show the effects of process settings on the temperature profile of the extruder melt output and it is evident that the process thermal homogeneity significantly varied with process settings. At some processing conditions (e.g. 1-HDPE-BF-A-70, 1-HDPE-BF-A-90, 2-PP-BF-D-50, 2-PP-BF-D-70 and 2-PP-BF-D-90), the melt temperature at some of the radial positions decreased below the adapter wall set temperature which caused poor melt temperature homogeneity across the melt flow. Ideally, these should be flat profiles under all process conditions to ensure optimum melt homogeneity. However, as can be seen from Fig. 8 , melt temperature varied across the melt flow, with highest temperature measured in the centre of the flow. Temperature close the die wall reflected the set temperature of the metal whereas melt temperature in the intermediate positions between 5 and 15 mm from the centre of flow reflected the state of the bulk of the polymer melt exiting the extruder screw, which was seen to vary significantly with set temperature and screw rotation speed. Conventionally, increasing extruder screw rotation speed is assumed to increase bulk melt temperature of the polymer. However, for the melt temperature profiles shown in Fig. 8 , only the profiles with the lowest barrel set temperature conditions for both materials (i.e. condition C for HDPE and condition F for PP) show agreement with this fact. At higher set temperature conditions, the highest average temperatures across the melt flow occurred at 30 rpm for HDPE and at 10 rpm for PP, i.e. at low screw rotation speeds. These temperature profiles reflect the complex nature of polymer heating and melting in extrusion, being influenced by both conduction from the extruder barrel and screw and from viscous shear heating from polymer conveyed along the screw channel. At low screw rotations speeds, the polymer experiences a long residence time within the extruder, allowing into be heated predominantly by conduction. At higher screw rotation speeds, the polymer experiences a much shorter residence time and hence heating/melting relies more on viscous shear, which in turn is highly dependent upon rheological and thermal properties of the polymer itself. Here, these temperature profiles can be considered as a good illustration of the unpredictable nature of the polymer extrusion process due to the effects of complexly coupled process variables. Clear differences between the melting behaviour of the two polymer types are evident due to the differences in material properties as described above. Obviously, control of this type of dynamic processes is challenging in practice. More information on the typical variability of the temperature profile across the die melt flow over different processing conditions was previously discussed in detail by the author [6, [8] [9] [10] [11] 32, 33] .
Modelling
In general, the melt temperature (T m;j ) at a particular die radial position (R p;j ) which is jmm away from the melt flow centre can be represented as a function of x sc , R p;j and T b :
where x sc is the screw speed and T b represents the barrel set temperatures (subscript b represents different barrel zones T 1 -
. Six model inputs (x sc ; R p;j ; T 1 ; T 2 ; T 3 ; T 4 ) and one output (T m;j ), À19 mm 6 j 6 19 mm, were considered as illustrated in Fig. 9 . In this study, the set temperature of zone 4 of the barrel, clamp ring, the adapter, and the die were always equal to T 4 . Therefore, all of these four different temperature zones were considered as a single input to the model.
Model development and operation
As a large amount of data was generated, both training and validation data were down sampled into 1 Hz (original data was collected at 10 Hz sampling speed) for the ease of data processing. In fact, this would not adversely affect the modelling work since the frequency of process thermal fluctuations were found to be slow in nature (lower than 0.5 Hz despite the changes of screw speed (from 0-90 rpm) and barrel set temperatures). The model should predict melt temperature values at each radial position assigned by the radial position input. Fifteen or thirteen radial positions make a complete melt temperature profile across the die melt flow depending on the mesh dimension used in each test. The model should estimate the melt temperature values of these fifteen/thirteen points individually by only changing the radial position input while screw Selection of an efficient modelling technique is highly important in this type of work. One of the possibilities was the use of a modelling approach based on first principles. Such models based on first principles are possible but have limitations in practical applications for real-time process monitoring and control due to several constraints such as computational complexity, difficulty of obtaining closed form solutions, etc. [28] . Alternatively, use of a data driven modelling approach was possible and a comprehensive review on model selection approaches for non-linear system identification is available in the literature [34] . Moreover, a number of different data driven modelling techniques (e.g. time series, transfer function, state-space, grey box) which have been used in the polymer extrusion field could be found in the previous research and some of them were discussed previously [9] . However, most of these attempts encountered some problems and therefore a new modelling approach was sought. After considering several alternatives, a technique which can be used to develop linear/nonlinear polynomial models with a linear-in-the-parameters (LITP) model structure was selected to use in this study [35, 36] . Here, a two stage algorithm is used in the model selection and refinement. In the first stage, a fast recursive algorithm (FRA) was used for the selection of the model structure and for estimation of the model parameters. This solved the problem recursively and did not require matrix decomposition as was the case for OLS techniques [37] . However, the model developed included a constraint that the terms added later were based on previously selected ones. As a result, the correlations among these selected terms make the model less compact. Then, in the second stage a backward model refinement procedure was carried out to eliminate non-significant terms to build up a compact model. The significance of each selected model term was reviewed and compared with those remaining in the candidate term pool and all insignificant terms were replaced, leading to improved performance without increasing the model size. It has been shown that this method is computationally more efficient and numerically stable than other techniques such as orthogonal least squares (OLS). For these reasons and its popularity in the modelling of nonlinear systems, it was anticipated that this polynomial modelling technique would be suitable for this particular work. A brief description on the modelling technique is given in Section 4.2.
Fast recursive algorithm (FRA)
Suppose a general nonlinear discrete-time dynamic multi-input-single-output (MISO) system can be expressed as:
yðtÞ ¼ f ðyðt À 1Þ; yðt À 2Þ; . . . yðt À n 1 Þ; . . . yðt À n a Þ; u i ðt À n ik Þ; u i ðt À n ik À 1Þ; . . .u i ðt À n ik À n 1 Þ; . . . u i ðt À n ik À n ib ÞÞ ð2Þ
where yðtÞ is the system output at time t; u i ðtÞ u i ; i ¼ 1; . . . ; m are the system input variables at time t (m is the total number of inputs to the system), n a is the number of poles, n ib is the number of zeros plus 1 and n ik is the corresponding delays (i.e. number of input samples that occur before each input affects the output) of each input. By using a polynomial function, this equation can be approximated using a Linear-In-The-Parameters (LITP) model: The well known least-square method solves the problem by minimising the cost function
and the corresponding solution is given by:
However, due to the noise and correlations between a large number of regressors, the information matrix U T U is always illconditioned in practice, which may lead to inaccurate calculation of the model coefficientsĥ. Ridge regression can prevent this problem, but gives a biased solution. Therefore, use of a subset selection algorithm eliminates this problem by selecting the most relevant and significant terms.
The fast recursive algorithm utilised in this study can be presented by defining a recursive matrix, M k , and a residual matrix, R k :
where U k 2 R NÂk contains the first k columns of the full regression matrix U, and the cost function in (5) can be rewritten as:
where P k ¼ ½p 1 ; . . . ; p k ; k ¼ 1; . . . ; n; n represents the total number of terms included in the final model, and p i represents the selected model terms from all the candidates of those remaining in the pool denoted as, / i ; i ¼ 1; . . . ; M.
In this forward stepwise selection, polynomial terms are selected one by one based on their contributions to the final model. As shown in Li et al. [35, 36] , if one more regressor / j from the candidate term pool is to be selected, the net contribution of / j to the cost function can be calculated as:
where / ðkÞ j , R k / j ; k þ 1 6 j 6 M. The above net contribution can be further simplified by defining an auxiliary matrix A 2 R kÂM and a vector b 2 R MÂ1 with their elements given by:
According to the properties of R k [35, 36] , a k;j and b k can be updated recursively:
Now, substituting (13) and (14) into (10), the net contribution of / j ; j ¼ k þ 1; Á Á Á ; M to the cost function can be expressed as:
The model term that gives the largest contribution is then selected, and this procedure is continued until some criterion is met (e.g., Akaike's information criterion (AIC) [38] ) or a pre-set maximum number of terms are selected. To further reduce the calculation complexity in term selection, at the ðk þ 1Þth step, a ðkþ1Þ j;j and b
. . . ; M) can be updated recursively instead of being computed from (13) and (14):
At the end of each selection, these terms are updated and stored for the next comparison/selection. After a satisfactory model has been constructed, the model coefficients can now be computed recursively.
where the terms a j;j and b j in (18) are similar notations for the a ðkÞ j;j and b ðkÞ j terms used above. Finally, a more compact model (i.e. terms and coefficients) which includes only the most significant terms is selected based on the defined process inputs and outputs by the sub model selection algorithm.
Initially, both linear and nonlinear polynomial models were adopted to approximate the function f. However, linear models did not show satisfactory performance. Nonlinear polynomial models were then developed and 2nd order models with 20 terms were selected for further study. The author has used the same modelling technique for the modelling of the melt temperature [32, 10] , melt pressure [39, 40] and motor power consumption [41] in polymer extrusion under static conditions and good results have been achieved.
Results and discussion
For the dynamic model selection, a number of different model combinations (i.e. with different orders and number of terms) were studied. Two past output terms and one past input term from each input were used to predict the current output (i.e. n a =2 and n b for each input is equal to 1) and these two variables can be changed as required. Then the maximum delays (n k ) attributed to each model input had to be determined. Melt temperature variations at each radial position followed by screw speed and barrel set temperature changes were observed from the experimentally measured data. Melt temperature changed soon after change in screw speed. Also, melt temperature was affected by the barrel set temperatures but it took a longer period of time to change the barrel zone temperatures once any change was made. Therefore, the selection of delays were quite complex and hence values were selected to reflect the information collected from the measured signals and the other details observed during the process. The values which were selected for delays attributed to each input are:
s. These delays can be adjusted as required depending on the screw geometry, material, processing condition, etc. Ideally, the modelling algorithm would determine the delays automatically depending on the processing conditions and this will be considered under the future work.
To test the model accuracy, the the root mean squared errors (RMSE) of the models were determined by Eq. (19) .
where y i ðtÞ andŷ i ðtÞ are the measured and predicted melt temperatures at time t respectively, and N is the number of data points. Then, three models of the same size (i.e. a 2nd order model with 20 terms for each test) were selected for the discussion and are shown in Table 3 . The RMSE and the percentage fit of each model to the training and validation data are given in Table 3 and also the model terms are arranged in descending order of term coefficients. Moreover, the measured and the model estimated temperature profiles over 200 data points with test 1 under the set temperature condition C are shown in Fig. 10 together with the modelling error (ME). Each group of 15 data points in the figure shows a complete temperature profile across the die melt flow and only 200 data points are shown for clarity. It is evident that the model can predict the real-time die melt temperature profile with good accuracy. Therefore, these can be used to further study the processing behaviour under dynamic conditions. These models show the significance of each parameter on the shape and the level of the melt temperature profile across the melt flow over the different processing conditions. The effects of screw speed and barrel set temperatures on the level of the melt temperature are significant for all tests and these affects the shape of the melt temperature profile as well (see Fig. 8 ). Moreover, the presence of radial position input (R p ) in a large number of model terms with relatively large coefficients highlights the significance of the position specific thermal variability across the melt flow and this is evident from Fig. 8 as well. Of the other 5 model input variables (i.e. except R p ), variable/s which are included in the most significant 5 terms (i.e. based on the coefficients of model terms) of each model are shown in Table 4 .
As shown in Table 4 , the significance of the barrel zone temperatures on melt temperature depends on the material and screw geometry used. A HDPE with a BF screw was used for test 1. Test 3 was carried out with a GC screw while all other conditions were the same as the test 1. Therefore, the differences in behaviour observed between tests 1 and 3 are due to geometrical differences between the screws. It has been found that the temperature of the screw also has a considerable impact on the melting process [42] . Although the same material and process settings were used, the temperature of the screws may differ as the mechanical heat generation may change with the differences in the arrangement of the solid beds and material conveying over the different screw geometries. Moreover, the rate of mass throughput and the level of materiel mixing also depend on the screw geometry [43, 44] . For tests 1 and 2, the same screw was used but the materials and set temperatures were different. Considerable differences in the level of the melt temperature and temperature homogeneity across the melt flow can be observed between tests 1 and 2 as well (see Fig. 8 ), and these highlight the effects of material and barrel set temperature on the process melt thermal homogeneity. For all models, T 4 was the most significant barrel zone temperature while the second most significant barrel zone temperatures are T 4 ; T 3 and T 2 for tests 1, 2 and 3 respectively. The extruder used for this study has four barrel temperature zones and a significant proportion of zone 3 (T 3 ) and all of zone 4 (T 4 ) pertain to the metering zone as shown in Fig. 4 . Therefore, it can be assumed that the metering zone temperature is the most significant barrel zone temperature which affects melt temperature level and homogeneity for all tests under dynamic processing conditions despite the differences in material, machine geometry and process settings. As was discussed in a previous study [10] , the melting zone temperature was recognised as the most significant barrel zone temperature on the melt temperature level and temperature homogeneity across the melt flow with a GC screw under the static processing conditions. However, the results observed under dynamic processing conditions showed that the metering zone temperature is the most significant on the level and the homogeneity of process melt temperature with the same GC screw geometry. Therefore, these differences may be attributed to changes in processing behaviour at dynamic and static conditions and also to the effects of different screw geometry and material. The findings of this study are in agreement with the previous findings of Rasid and Wood [14] (using a square pitched screw of 50 mm in diameter) and Crabtree et al. [45] (using a conventional single-flighted screw with a square-pitch lead length and 63.5 mm in diameter), who found that screw speed was the most influential process variable on the level of the extruder melt temperature while the metering zone temperature was the most significant barrel zone temperature. They performed experiments on industrial extruders by changing the process settings individually (i.e. screw speed and each barrel zone temperature) to investigate their effects on the level of the extruder melt output temperature under dynamic conditions. Although the metering zone temperature was recognised as the most significant barrel zone temperature on the level of melt temperature from this study as well, it seems that the melting zone temperature also has a significant impact on the level and homogeneity of the extruder melt temperature more so with the GC screw than the BF screw used in this study. Moreover, higher melt temperature fluctuations were observed with the GC screw than the BF screw, particularly at higher screw speeds. The BF screw used in tests 1 and 2 had a spiral Maddock mixer at the end of the screw and specifically these screws are designed to achieve better melting performance than conventional screws. Also, the better performance of the BF screw over the GC screw was confirmed by having a lower magnitude of fluctuations of melt temperature during the experiments with the BF screw. As was reported in previous work [46, 12] , the BF screws perform favorably (e.g. efficient melting and mixing) compared to conventional GC screws. Such differences may also be responsible for the variable nature of melt temperature profiles across the extruder die melt flow with different screw geometries. Overall, these results highlight the significance of differing thermal behaviour with the change of screws, materials and processing conditions, and hence the complexity of the extrusion process. Therefore, the selection of a proper screw and the process settings (i.e. should be compatible with both machine and material) is a major requirement for achieving a good quality melt output for a particular material.
Conclusions
A novel method was proposed to model the die melt temperature profile in polymer extrusion as a function of readily measurable process parameters under dynamic processing conditions. The experimental data collected over a wide operating window on an industrial scale extruder was used in the modelling work. As shown from the experimental results and models, the effects of screw speed and barrel set temperature on the level of melt temperature and temperature homogeneity across the melt flow are highly significant. Of the barrel zone temperatures, the metering zone temperature was recognized as the most significant on the level of melt temperature and the temperature homogeneity of the extruder melt output. Moreover, the predictions of the proposed models are in agreement with previously reported experimental findings which confirms the accuracy of the proposed modelling technique. In fact, the proposed dynamic models seem to represent the actual processing conditions with good accuracy over a wide operating window. Also, these models are simple in structure and could be used in real-time applications. Therefore, this newly proposed technique could help to demonstrate a potential method for determining the melt flow thermal homogeneity in real-time and to build-up a control strategy to obtain the required melt flow homogeneity in polymer extrusion by manipulating the process settings while maintaining the required average temperature across the die melt flow. In this study, the die melt temperature profile was modelled as a function of major process variables (i.e. screw speed and barrel set temperatures) together with a machine geometrical parameter (i.e. die radial position). However, these models should be further generalised by adding other machine and material related parameters which would help to improve the model performance further and this will be considered in future work.
